It was observed that pressure of host immune system leads to diversifying selection (which can be measured in terms of pN/pS ratio). In this research we checked whether Plasmodium falciparum proteins containing experimentally evident epitopes from the IEDB database are subject to diversifying selection. We also investigated which life stage of this parasite and which proteins are subject to the strongest immune pressure. To answer these questions we used information about experimentally evident epitopes from Plasmodium, that interact with human immune system and sequences of different isolates of P. falciparum.
Introduction
Malaria is one of the most serious parasitic infections affecting humanity. It causes about one million deaths and over 200 million infections globally each year (WHO World Malaria Report, 2010 ). There are four major species belonging to Plasmodium genus that were found to be responsible for causing malaria in humans: P. falciparum, P. vivax, P. malariae and P. ovale.
Among them, P. falciparum causes the most severe and lethal form of this disease (Greenwood, 2005) .
The life cycle of P. falciparum is complex since its nature requires expression of multiple specialized proteins necessary to survive in both invertebrate (mosquito) and vertebrate (human) host organisms as well as for the invasion of different types of cells (Florens et al., 2002) . Due to the complexity of the life cycle, each life stage expresses a number of antigenic proteins that can induce an immune response and which presents a real challenge for vaccine design (Vaughan et al., 2009 ).
Another aspect, characteristic for Plasmodium parasites is their high genetic variability. The important factor that determines this variability is a number of single nucleotide polymorphisms (SNPs) (Ekland and Fidock, 2007; Jeffares et al., 2007; Volkman et al., 2007) , or, more precisely, the ratio of non-synonymous to synonymous SNPs (pN/pS). Research has revealed that recombination rates are variable for P. falciparum strains and achieve the highest values for African strains (Mu et al., 2005) . It was also observed that genes related to immunity are under stronger diversifying selection when compared to other genes as they have higher pN/pS ratio (Jeffares et al., 2007; Neafsey et al., 2008) . Identification and characterization of such genes may be crucial for better understanding of the disease, its different clinical manifestations and potential resistance to vaccination (Richie and Saul, 2002) .
The publication of the Plasmodium falciparum genome and the development of novel genetic and bioinformatics tools offer new possibilities for detailed analysis. Hitherto the sequences of approximately 5300 proteins were annotated for Plasmodium falciparum genome . Among them, there were identified about 4500 unique epitopes (present in about 1500 proteins), which are short protein motifs recognized by the host immune system (Vaughan et al., 2009 These results shows that comparison between currently existing diversity and genome of P. reichenovi may reveal immune pressure acting on pathogen after the speciation.
However, these tests require very good quality sequences obtained from many isolates.
Unfortunately majority of accessible genomes are only rough draft and often available sequences do not cover the full gene length. Therefore it is hard to use this type of statistics for global genome scan. This is why we decided to analyze the ratio of non-synonymous versus synonymous SNPs and check if this ratio is elevated in antigens. Another advantage of this approach is the fact that this it tests selection occurring recently during evolution of new infection strains, which are much more closely related than different species (P. reichenowi and P. falciparum). Therefore one could find it useful in epidemiological studies. Simplicity of this approach cause its robustness to unusual situations which may lead to the false signals in other tests (for example stronger pressure on antigen and higher speed of protein evolution during speciation of Plasmodium falciparum versus Plasmodium reichenowi than immune pressure observed now).
Methods
In the following research we aimed to investigate whether the immunogenicity of different malaria protein classes is correlated with differences in the frequency of molecular evolutionary changes observed in the available data. The whole analysis was divided into two parts -the first was focused on the general analysis of the proteome and the second on the investigation of evolutionary changes.
Plasmodium falciparum has a complex life cycle and each of its developmental stages is characterized by a unique protein expression profile. In the first part of the research we took into consideration individual merozoite, trophozoite, gametocyte, and sporozoite proteomes. We used the set of 2384 proteins described in PlasmoDB 8.1 which expression in investigated stages was confirmed by mass spectroscopy (Florens et al. 2002) .
All the data used in the second part of the research were also obtained from the PlasmoDB project website. For this analysis the ratio of the number of non-synonymous single nucleotide polymorphisms (pN) to those of synonymous ones (pS) was necessary (See the table in supplementary materials). Several different methods for investigation of natural selection have been developed. In this analysis we decided to use the pN/pS ratio for this purpose. For comparison we conducted also K a /K s ratio test (see supplementary materials). This method considers the correction for the number of synonymous and non-synonymous sites within the gene structure (Nei and Gojobori, 1986) . We did no decide to use it as the main method in this research since such a correction is justified only in analysis of sequences obtained from different species since in case of different genes the probability of occurrence of synonymous mutation due to random chance is different. This is caused by the gene structure and codons composition.
However, in the analysis of polymorphism there is another fundamental problem caused by the fact that often number of synonymous SNPs is equal to 0. We approximated such cases by number 1. Although such a correction is far from being perfect, it is hard to add justified correction for gene structure in such cases.
McDonald-Kreitman test (McDonald and Kreitman, 1991) and similar methods such as HKA test (Hudson et al., 1987) shows if non-synonymous protein mutations present as polymorphisms tend to be fixed in the longer period of time. When MK test indicates that such polymorphisms tend to be removed by selection it may indicate the action of diversifying selection or accumulation of deleterious polymorphisms, which are gradually removed by purifying selection. In case of Plasmodium it has been demonstrated by MK and HKA tests that well known antigens are subject of diversifying/purifying selection (Polley and Conway, 2001, Baum et al., 2002) . In contrast it is expected that in case of good vaccine candidates polymorphisms are usually fixed. Immune pressure of host organism leads to elimination of non-mutated version of antigens and mutated version becomes more frequent. The pN/pS test is more general as it shows whether non-synonymous polymorphisms tend to occur in a given gene or sets of genes. It is expected that elevated number of non-synonymous mutations manifested as polymorphisms in antigens is the adaptation to the pressure of host immune system and does not result only from relaxation of selection constraint.
To investigate different protein classes we divided all expressed proteins according to two different criteria. First of them was cellular location and the proteins were classified as membrane (containing at least one transmembrane domain or predicted signal peptide) and nonmembrane. Prediction of signal peptides in PlasmoDB is provided by SignalIP program (Petersen et al., 2011) and transmembrane domains are predicted by TMHMM2 (Krogh et al., 2001) , for both of them we used the PlasmoDB default settings. We decided to classify proteins containing signal peptides as membrane-associated because they have similar properties to those containing transmembrane domains (i.e. in both cases proteins can be expressed on the surface of the cell). The second classification (into antigenic and non-antigenic) was based on the antigenicity of proteins. Proteins are considered as antigenic if they contain experimentally evident epitopes (T cells, B cells or MHC binding) provided by IEDB website. In PlasmoDB there is an option ('Epitope Presence') which allows for identification of proteins containing epitopes from IEDB and we took advantage of this tool. 
Results and Discussion

Proteome analysis
We have found a set of 161 proteins common to all investigated parasite lifecycle stages (which is 6.75 % of all proteins). Some other are shared between two or three stages (respectively 560 and 310 proteins) and the rest 1353 (56.75 %) are proteins unique only to one form (stagespecific proteins).The results are presented by the Venn diagram in Fig. 1A .
Additional analysis was performed according to the cellular location of proteins. We have distinguished membrane-associated and non-membrane proteins. The same division we did for the whole proteome was done for those two groups and presented in the Fig. 1B and 1C .
Another division important for this research took into consideration the presence of epitopes. The
PlasmoDB website provides proteins containing experimentally evident epitopes mapped on the basis of the results collected in the IEDB database. Fig. 2 . presents the percentage distribution of antigenic and non-antigenic proteins in the main four developmental stages taking into consideration all the proteins expressed in each stage. The plot in the Fig. 3 . shows the same distribution but considers only proteins unique to the given form.
From the above plots (Fig 2 and 3) it can be noticed that sporozoites are characterized by the highest number of proteins containing epitopes in both the case of membrane-associated and non-membrane proteins. However this tendency is stronger if we consider only stage-specific proteins. We used the χ 2 test to assess the statistical significance of this distribution. The results revealed that the type of expressed proteins is strongly dependent on the developmental stage of P. falciparum. Significantly higher number of antigenic proteins expressed in sporozoite may be explained by the fact that this form of parasite is able to infect both mosquito and human. It means that the parasite must be able to attack different target cells and for this purpose more specialized proteins may be required. (Garcia et al., 2006) .
Analysis of diversifying selection
For this analysis we took into consideration only stage specific proteins i.e. proteins that are expressed exclusively in one developmental stage. We started from the estimation of an average ratio of the number of non-synonymous single nucleotide polymorphisms (pN) (gametocyte), 6.89·10 -8 (sporozoite). These observations are consistent with the theory that in the case of antigenic proteins, positive natural selection is expected in order to maintain genetic diversity (Escalante et al., 2004) .
In the next step of the research, we divided the same set of proteins into different classes. This time we analyzed the membrane-associated and non-membrane proteins in all developmental stages (Fig. 6) . Again the Wilcoxon test was used to assess whether the difference in means is significant. In this case only we obtained significant p-value only for trophozoite (P=9.04·10 -3 ).
The shape of the plot suggests that the dependencies are similar to those presented by the previous plot although not significantly so. The observation that genes coding for membraneassociated proteins in Plasmodium are characterized by higher pN/pS ratio has been previously demonstrated by Volkman et al. (2002) . The fact that membrane-associated proteins can be antigenic is not surprising. However, some non-membrane proteins are also able to induce an immune response for example in case of autoimmune diseases (Dumont, Payseur, 2011 and Worman, Courvalin, 2003) We have also noticed that there is a certain problem with searching
for Plasmodium membrane proteins in PlasmoDB. The database's tools allow only for identification of proteins containing at least one transmembrane domain and it does not take into consideration GPI-anchored proteins, which should also be classified as membrane-associated.
The research done by Gilson et al. (2006) shows that there exist some proteins that do not possess transmembrane domains but are GPI-anchored. This fact can slightly influence the values that we obtained in our analysis. Moreover, it may be expected that at least some proteins that we have identified as non-membrane antigens are in fact GPI-anchored proteins. For example merozoite surface protein 2 (MSP-2) coded by gene PFB0300c (Gilson et al., 2006) .
From each developmental stage taken into account, we selected antigenic membrane-associated and non-membrane proteins that are characterized by the highest pN/pS value. The results are presented in tables 1 and 2 (full list of pN/pS scores is provided as supplementary material).
Such proteins contain both experimentally evident epitopes and elevated pN/pS ratio indicated that they are antigens which are subject of the strongest diversifying selection in a given stage. 
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